Paintings created by famous artists, representing sunsets throughout the period 1500-1900, provide proxy information on the aerosol optical depth following major volcanic eruptions. This is supported by a statistically significant correlation coefficient (0.8) between the measured redto-green ratios of a few hundred paintings and the dust veil index. A radiative transfer model was used to compile an independent time series of aerosol optical depth at 550 nm corresponding to Northern Hemisphere middle latitudes during the period 1500-1900. The estimated aerosol optical depths range from 0.05 for background aerosol conditions, to about 0.6 following the Tambora and Krakatau eruptions and cover a period practically outside of the instrumentation era.
Introduction
Man-made forcing of climate change is complicated by the fact that it is superimposed on natural climate variability. This natural variability on decadal to century time scales includes, among others, the variability in volcanic stratospheric aerosols and atmospheric transparency. Intense optical phenomena observed worldwide during sunsets following major volcanic eruptions, caused by volcanic aerosols injected in the stratosphere which remained there for a period of few years after the eruption, have been reported by several authors (Symons, 1888; Sandick, 1890; Sapper, 1917; Shaw, 1936; Hymphreys, 1940; Lamb, 1970; Deirmendijian, 1973) . Prominent among them are the eruptions of Awu (Indonesia-1641), Katla (Iceland-1660), Tongkoko (Indonesia-1680), Laki (Iceland-1783), Tambora (Indonesia-1815), Babuyan (Philippines-1831), Coseguina (Nicaragua-1835) , and Krakatau (Indonesia-1680 (Indonesia- , 1883 . These optical phenomena have been attributed to the enhanced forward Correspondence to: C. S. Zerefos (zerefos@geol.uoa.gr) scattering caused by the volcanic aerosols in the stratosphere (Deirmendijian, 1973) .
The effects of volcanic eruptions on climate along with volcanic indices of importance to climate have been recently discussed in the literature (Robock, 2000; Zielinski, 2000; Robertson et al., 2001) . Volcanic aerosol indices include the Dust Veil Index (DVI), the Volcanic Explosivity Index (VEI) as well as ice core sulphate Index which can go back to 1500 (Lamb, 1970; Zielinski, 2000; Newhall and Self, 1982) .
The earliest compilation is the DVI, introduced by Lamb (1970 Lamb ( , 1977 Lamb ( , 1983 . It extends from 1500 to 1983 and is based primarily on historical accounts of optical phenomena while surface radiation measurements were used when available. In a few cases, reports of cooling associated with volcanic aerosols were incorporated into the index. Robock (1981) introduced a latitudinally dependent estimation of the DVI. Sato et al. (1993) produced a zonally averaged compilation of optical depth for volcanic eruptions from 1850. The observational sources of this data set are similar to the DVI in addition to land-based pyrheliometric measurements of atmospheric extinction for the period after 1882. Stothers (1996) has improved upon the Sato et al. (1993) reconstruction for the period 1881-1960 by incorporating more pyrheliometric data from stations primarily in the Northern Hemisphere. Stothers (1996) also used historical accounts of starlight extinction, purple twilight glows, and other turbidity indicators to support and expand upon the pyrheliometric data.
Ice cores offer another valuable opportunity to reconstruct volcanic aerosols through the measurements of volcanic sulfate (SO 2− 4 ) deposited on glacial ice in the years immediately following an eruption. Portions of the technique were initially developed by Hammer et al. (1980) and Clausen and Hammer (1988) . They used the record of bomb fallout in Greenland to obtain a mass of H 2 SO 4 produced in the stratosphere from an individual eruption. They then accounted for the latitude of the eruption by employing an appropriate Published by Copernicus Publications on behalf of the European Geosciences Union. multiplier within the calculations. Zielinski (1995) expanded on the technique by calculating the total H 2 SO 4 aerosol loading and then ultimately, the optical depth (τ D ) using the relationship defined by Stothers (1984a) . However, when the resulting ice core-derived τ -values for the GISP2 (Greenland Ice Sheet Project Two) core were calibrated with other independent optical depth measurements it was found that equivalent optical depth measurements were obtained in some cases, but the ice core estimates were 2-5 times greater in others. This was especially true for mid-latitude northern hemisphere eruptions where there may have been some tropospheric transport of H 2 SO 4 to polar ice sheets, and thus an enhanced signal. The high temporal resolution (annual to biennial), the length of the records, and the low temporal error (e.g. ±2 years for uppermost part of the GISP2 core) available in many ice core records allow for the reliable quantification of the atmospheric impact of past volcanism prior to the period of reliable historical observations. The GISP2 ice core has been used to create a 2100-year record of stratospheric loading and optical depth estimates. Free (1995, 1996) pioneered the use of sulfate data from multiple ice cores to construct a record of volcanic activity. Robertson et al. (2001) produced a high-resolution time and latitude-dependent estimate of stratospheric optical depth stretching back to 1500 by combining historical observations, ice core data from both Greenland and Antarctica, as well as recent satellite data. They also incorporated ice core data that were unavailable for the previous reconstructions and avoided ice cores that were less well dated or strongly complicated by non-volcanic aerosols.
The present work aims at providing a new look at the reconstruction of the aerosol optical depth before, during and after major volcanic eruptions by studying the coloration of the atmosphere in paintings which portrayed sunsets in the period 1500-1900, i.e. when atmospheric observations were scarce and mostly non-existent. This was done by measuring the red to green ratios of more than 500 paintings as well as using model calculations to simulate and calibrate the measurements from the coloration in paintings as described in the following text.
Methodology

Criteria in selecting paintings
Paintings representing sunsets throughout the period 1500-1900 form the source of the observational material in this study. Most of these paintings were available in digital form at the official web sites of 109 museums and galleries (see http://www.noa.gr/artaod for more details). In the 400-year period of study (1500-1900) eleven major volcanic eruptions have been observed characterized by DVI larger than 250 (Lamb, 1970) . In that same period, but only for eight of these eruptions, we have found a number of 554 paintings from 181 painters, which have been divided into two groups: the group of "volcanic sunset paintings" and the group of "non-volcanic sunset paintings". The "volcanic sunset paintings" include those that were created within a period of three years that followed a major volcanic eruption. The rest of the paintings were considered to represent the background coloration of sunsets. Fifty four "volcanic sunset paintings" were found from 19 painters that fulfilled the above criteria and each of them was dated. Notable among the painters are Claude Lorrain, John Singleton Copley, Friedrich Caspar David, Joseph Mallord William Turner, Breton Jules, Edgar Degas, Alexander Cozens and Gustav Klimt. A complete list of all painters and paintings considered in this study can be found at http://www.noa.gr/artaod. A number of these paintings have not been included because of lack of information on the date of their creation.
Chromatic ratio
In order to characterize the redness of the sunset sky, the chromatic ratio R/G was calculated from the RGB values measured on the digitized paintings and when possible, also the solar zenith angle pertaining to each painting. For the calculation of the R/G ratio we averaged the measured values over the field of view of the artist near the horizon. Red, so as green, yellow and blue, is a unique hue and by definition it cannot be described by the other unique hue alone or in combination (Wyszecki and Stiles, 1982) . Each unique hue refers to the perceptual experience of that hue alone. Perceptual opponency of red/green forms the conceptual basis for quantifying the redness of monochromatic light. In a classic study, Jameson and Hurvich (Jameson and Hurvich, 1955) reasoned that the amount of redness in a monochromatic light can be measured by combining it with a second light that appears green when viewed alone (Shevell, 2003) . It should be noted that color appearance is reasonably stable with increasing age of the painter (Schefrin and Werner, 1990) . Therefore, it is expected that abnormalities seen in time series of R/G values for each painter cannot be attributed to digression of the painters colour acuity due to age and could present colour perception of real natural abnormalities, such as those following eruptions, or abnormalities caused by psychological or cultural reasons. Thus R/G ratios can provide information on the perception of colours by the painter which are practically independent of aging and therefore they may be suitable to examine deviations of R/G values from those that correspond to background atmospheric conditions at the time of the creation of the work of art.
Model description
In this study, the UVspec model (Mayer and Kylling, 2005; Kylling et al., 1998) from the LibRadTran package (http: //www.libradtran.org) was used to simulate the R/G ratios determined from the paintings. The model uses the pseudo-spherical DISORT (Stamnes et al., 1988) to solve the radiative transfer equation using 16 streams. Irradiance and radiance spectra were calculated at 10 nm resolution and for the 15-to 85 degrees of solar zenith angle. The atmospheric composition and structure as used in the model was based on vertical profiles taken from the literature. The AFGL midlatitude winter profiles were used for ozone, temperature and air pressure (Anderson et al., 1986) . Rayleigh scattering crosssections were calculated according to the analytic function proposed by Nicolet (1984) . In this paper we calculated the direct and diffuse irradiance for the visible wavelength range (400-700 nm) for four stratospheric aerosol scenarios, keeping all other input parameters constant. The aerosol scenarios considered were a background stratospheric profile of the aerosol extinction and three aerosol profile that corresponds to moderate, high and extreme volcanic dust. The runs were repeated for AOD values at 550 nm from 0 to 2 with a step of 0.01. From the above model runs estimates of the R/G ratios were determined by the model for various combinations of the aerosol model and the aerosol optical depth, and these estimates were compared to the ones that obtained from the paintings. The R/G ratio was approximated using the ratio of the diffuse irradiance of two wavelengths (550 nm and 700 nm) rather than the radiance. The reason for using this approximation is discussed in more detail in Sect. 3.4. This comparison allowed us to associate to each painting an estimate of the aerosol optical depth during the time of creation. 
Results and discussion
3.1 Chromatic ratios in art paintings at sunset versus DVI Our analysis began by examining the artist's perception of sunsets by measuring chromatic ratios during each artist's lifetime. Very few artists have painted sunsets before, during and following major volcanic eruptions. We found only 5 painters which in their lifetime have painted sunsets in all these three categories. The time series of the R/G ratios for these five discreet painters is shown in Fig. 1 together with the corresponding series of DVI. We can see from Fig. 1 for example, that John Singleton Copley has "painted" an enhancement of 33% relative to a minimum R/G value in 1784. Joseph Mallord William Turner "painted" enhancements of 76.7% in 1818, 79.2% in 1832 and 97,7% in 1835, while Friedrich Caspar David observed enhancements of 89.5% in 1816, 51.3% in 1833 and 41.2% in 1835. Similarly Edgar Degas observed an enhancement of 68.4% in 1885. As can be seen from Fig. 1 the R/G value measured on paintings corresponding to a volcanic event, are 1.3-1.4 times greater than the R/G values before and after the event. Therefore, the observed departures of R/G chromatic ratios seen in Fig. 1 , which coincide in time with major volcanic eruptions, can be tentatively attributed to the volcanic events and not to abnormalities in the color degradation due to age or other random factor affecting each painter's color perception. Figure 2 (Robertson et al.,2001) 0.19 (Robock and Free, 1996) 0.12 (Zielinski, 2000) 5 Tambora 1815 0.33-0.60 0.5 (Robertson et al., 2001) 0.5 (Robock and Free, 1996) 0.2-0.9 (Stothers, 1996) shows mean annual values of R/G sunset ratios measured from paintings along with the percentage increase from the absolute minimum R/G value in the series (middle curve) together with the corresponding DVI values during 1500-1900. We note here that Fig. 2 includes 327 paintings, from a total of 554 examined, that fulfilled the criteria mentioned before and that their date could be determined or estimated. From that figure we see an enhancement of mean annual R/G relative to the absolute minimum R/G value. The numbered picks in that figure correspond to different eruptions Fig. 2 , there is a remarkable correspondence between peaks in R/G values in years close to those with major volcanic eruptions. The linear correlation coefficient between mean annual R/G values and DVI was found to be r=0.827 based on 88 pairs, which is of high statistical significance.
Dependence of the chromatic ratio on the solar zenith angle
The dependence of R/G ratios on solar zenith angle was studied by measuring the zenith angle with the following method: Wherever the exact date (time, day, year) and place of the painting is known, the solar zenith angle was computed. When that information was not available, the elevation of the sun was measured from the horizon and with the help of a fixed reference point on the painting, the solar zenith angle was calculated trigonometrically. In cases of uncertainty and when possible, the geometry of shadows provided additional help in approximating the solar zenith angle. Figure 3 presents the variation of the measured R/G ratios versus the solar zenith angle averaged in 5 • bins, for the two groups of volcanic and non-volcanic sunset paintings. In addition Fig. 3 shows the R/G ratios calculated from the model for the same solar zenith angles. The model calculates the diffuse irradiance ratio R/G computed for background aerosols and high volcanic aerosols. The wavelengths used are: R=700 nm and G=550 nm. Both in paintings and the model, the R/G ratio in the volcanic sunsets is higher than the non-volcanic. This can be explained by Mie scattering, caused by the sulfate aerosol particles that are about the same size as the wavelength of visible light, which enhances the scattered radiation in the forward direction (Robock, 2000) . For solar zenith angles greater than 80 • the chromatic ratio R/G in the paintings is 1.4 times greater than the nonvolcanic. The model shows that the ratio R/G due to extreme volcanic aerosols is 1.45 to 1.25 larger when compared to the ratio calculated for the background aerosols. As we see from Fig. 3 , the model results when compared to the measured R/G ratios on paintings show a systematic bias of about 30%. The possible source for this bias is discussed in detail in section 3.4. This bias was also confirmed by examining R/G ratios for "Krakatau" paintings, and from other measurements and our estimates of the optical depth of the volcanic debris. This was done by measuring R/G ratios in W. Ascroft color drawings of sunsets which followed Krakatau in London (Symons, 1888) . These color drawings have been constructed at known solar zenith angles of 92.6 • and 99.5 • , as calculated from time, date and month and London's geographical coordinates.
Estimates of optical depth
To estimate the optical depth which could be attributed to each volcanic eruption, a nomogram of R/G values and aerosol optical depth was constructed for volcanic and nonvolcanic aerosols using the UVspec model for three solar zenith angles as seen in Fig. 4 . Before that the observed arbitrary R/G ratios have been adjusted for the systematic bias discussed in the previous paragraph. The estimate of the aerosol optical depth was done by converting the R/G measurements on paintings at a given solar zenith angle through the nomogram of Fig. 4 to optical depth at 550 nm. At the paintings where the sun was under the horizon and the calculation of the solar zenith angle was not possible, we hypothesized it to be 100 • . Figure 5a shows the time series of the aerosol optical depth from all paintings using the method described above along with the time series of DVI for the 400-year period 1500-1900. The estimated aerosol optical depth ranged from 0.05 for background aerosol conditions at middle latitudes of the northern hemisphere, up to 0.6 which corresponds to the Tambora eruption. The numbers on the DVI histogram refer to the same major volcanic eruptions outlined in Fig. 2 . Table 1 summarizes the aerosol optical depth as estimated in this study from paintings which is found to be in reasonable agreement with independent estimates by other authors. Robock and Free (1996) estimated that the aerosol optical depth for Laki has a value of 0.19 while Robertson et al. (2001) give 0.16. Both papers (Robertson et al., 2001; Robock and Free, 1996) give to Tambora the value of 0.50, while Stothers (1984b) calculated the global optical depth to be 0.85 in 1815, 0.9 in 1816 and 0.2 in 1817. For 1831 and 1835 Robock and Free (1996) estimated an optical depth of 0.09 and 0.11 and Robertson et al. (2001) of 0.07 and 0.18 respectively. For the Krakatau eruption, Sato et al. (1993) estimated the optical depth to be about 0.13, Stothers (1996) gives 0.14 in 1884 decreasing to 0.02 by 1886, Robock and Free (1996) give 0.12 and Robertson et al. (2001 ) 0.09, while Dermidijian (1973 estimates an AOD of about 0.6. As seen in Fig. 6 the correlation coefficient between AOD and DVI is 0.87 again remarkably significant and points out to the important information that can be extracted from paintings portaging natural phenomena, which attracted the attention of famous painters, although probably most of them did not know anything about their occurrence. 
Error sources and uncertainties of the AOD estimates
There are many sources of uncertainties both in the experimental determination of the R/G ratios as well as in the model calculations, which both affect the accuracy of the AOD estimates. Concerning the extraction of the R/G ratios from digital images of paintings the following sources of uncertainty can be identified: The use of different cameras, the use of flash or natural light, different exposure times between different shots may produce different digital versions for the same painting. In order to make an estimate how these different techniques might affect the measured R/G ratios in a digital image, we conducted a simple experiment where we photographed the same sunset image with two different digital cameras, using natural light and different exposure times. Then these images were analysed in a similar manner as the paintings. The resulted differences in the R/G ratios were very small (less than 0.01) and smaller than the variability of the R/G within the digital image. We note here however, that the remarkable high correlation found between the R/G ratios and the DVI strongly indicate that such possible small uncertainties might cancel out when we consider ratios obtained with different cameras, since use of flashes is not applicable in digital photos of paintings. Other source of uncertainty in the R/G values is their variability within a painting/image, which also largely depends on the area selected to measure on the painting. According to table A1 (see Appendix A) this variability is the order of 0.014 (mean error value). This range of uncertainty in the determination of R/G affects also our ability to retrieve from these ratios estimates of AOD. Tables 2 and 3 show the expected uncertainty in the estimated AOD due to the variability of the R/G ratios within a painting and to uncertainties in determining the SZA. These errors are given for different AOD and SZA values. The uncertainty is less than 0.05 for small optical depths and smaller SZA. This number is comparable to the accuracy of other experiment measurements of AOD. The error however increases with increasing AOD and SZA and can be as large as 0.18 for AOD larger than 0.5.
Our model estimates of the R/G ratios are approximations and include systematic sources of errors or bias. There are mainly two sources of systematic bias in our calculations. The first concerns the use of RGB values directly calculated from the libRadtran model using the CIE color matching functions (Mayer and Emde, 2007) . These R/G ratios are systematically higher (about 0.1) than those calculated from the ratio of two wavelengths for SZAs smaller than 85deg. Another source of systematic bias is the type of radiometric calculations performed. In our calculations we used the diffuse irradiance over the whole hemisphere at the given wavelengths. However if we calculate the R/G ratios shown in Figs. 1 and 2 using the integral of the calculated radiances within 20 • azimuth, around the setting sun and for zenith angles 70-90deg, then we would be able to simulate with the model the paintings' ratios even better. We note here that the radiative transfer solver included in libRadtran is only a pseudo-spherical and not a fully spherical code, and therefore its accuracy for radiance calculations is limited at high SZAs.
The values based on the radiance calculations are considerably higher (20-30%) than those shown in Fig. 3 , both for volcanic and non volcanic conditions. For high AOD values (>0.5) the results from the model and the paintings are very close and thus most of the bias is eliminated when one uses the radiances for the calculation of the R/G ratios. However we did not extend our sensitivity tests for higher zenith angles since the usefulness of radiance values for the retrieval is determined by the increased uncertainty of the 1-D radiative transfer model for high solar zenith angles.
Conclusions
In this work we have attempted to estimate the aerosol optical depth following major volcanic eruptions as well as to provide evidence of the variability of the background atmospheric optical depth at 550 nm in a 400-year period, estimated from the coloration of sunsets in famous art paintings. These reconstructed AOD timeseries provide the advantage, compared to DVI and other indices, that they can be directly used in models for radiative forcing calculations for periods with no measurements available. The reconstructed data can be compared with current (20th century) measurements of AOD, to provide estimates of long-term variability of background AOD during a period of about 500 years. These estimates can be useful to detect changes related to air pollution over Europe's middle latitudes.
The results presented show a strong dependence of the chromatic R/G ratios perception by the painters on the scattering state of the atmosphere. The artists for the 400-year period under study (1500-1900) appear to have simulated the colours of nature with a remarkable precise coloration as proved by the unexpected high correlation coefficient of 0.83 found between the well known index of volcanic activity (DVI) and the values of the coloration depicted in the sunset paintings. A time series of aerosol optical depth at 550 nm has been compiled, representing the middle latitudes of the Northern Hemisphere and covers the periods 1500-1900. The aerosol optical depth estimated ranged from 0.05, for background aerosol conditions, up to about 0.6 which corresponded to the period after the Tambora and Krakatau eruptions. These estimates are in reasonable agreement with independent studies referring to the same period. We should note here that because of the controversy on the date that the famous painting "The Scream" was created by Edvard Munch prevented us to use it as sample. This is because while Robock (2000) attributes it to the 1892 Awu eruption, Olson (2004) shows topographically that it was created about ten years before, in the winter of 1883-84. The high R/G value of "The Scream" (over 2.10), as well as similar high values of other paintings by Edvard Munch (e.g. "Despair" and "Anxiety") are possible indications illustrating the memory kept by the painter of the coloration of the optical phenomena which he saw following the 1883 Krakatau event.
At any rate, we believe that this study will form the basis for more research to be done on environmental information content in art paintings. Through the eyes of painters and other artists it is expected to get information on past natural phenomena that have escaped attention of scholars until now. As J. M. W. Turner (Bockemuhl, 2000) said: "I did not paint it to be understood, but I wished to show what such a scene was like". 
Appendix
Appendix B Art paintings and measured R/G values
